BH accretion disk systems (Caballero et al. 2016 ). In the accretion disk system theory, neutrinos play a crucial role of setting the initial electron fraction of the outflow matter (Surman et al. 2008 ). Neutrino annihilation can increase the prevalence of gamma-ray bursts (Robert Popham & Fryer 1999) . The appearance of a gamma ray burst implies the accretion disk system theory may also work for BH-BH mergers. The search for GWs, gamma ray bursts and neutrinos can open a new window for multi-messenger research of BH-BH mergers. This will lead to a more complete understanding of cosmic processes through a combination of information from different probes, and increase search sensitivity over any single detection method (Adrian-Martinez et al. 2016) .
Two observed gravitational wave events in 2015 were both generated by the coalescence of binary BHs into a single BH. The first event, GW150914 (Abbott et al. 2016c) , was observed on 
EXPERIMENTAL SEARCHES
Several neutrino observatories, including Super-Kamiokande, KamLAND, Borexino, ANTARES, IceCube and Pierre Auger, have tried to search for the neutrino signals associated with the two black hole merger events. Since neutrino generation mechanism from the merger of two BHs is still unclear, all of those experiments conservatively choose a ±500 seconds coincidence time window centered around the gravitational wave observation time. More details about those experimental searches are introduced in the following paragraphs.
The KamLAND experiment (Gando et al. 2016 ) is located under 2700 meter water equivalent (m.w.e.) of vertical rock, below Mt.Ikenoyam in Gifu prefecture of Japan. The detector consists of a stainless-steel sphere and EVOH/nylon outer balloon. The outer balloon encloses 1 kton of liquid scintillator (LS). During the GW150914, a mini-balloon was placed at the center of the detector to search for neutrinoless double beta decay. KamLAND focuses on the search for electron antineutrinos which are mainly detected through inverse beta-decay (IBD) reaction:ν e +p → e + +n.
The coincidence of the prompt (e + -ionization and annihilation) and delayed (n -capture on Hydrogen) signals efficiently suppresses the backgrounds. The prompt signal has a strong bound with the ν e energy, where E Prompt ≈ E ν − 0.8 MeV. However, there are two major drawbacks. One is the loss of low energyν e information below IBD interaction threshold around 1.8 MeV. Another is the obscuration of the incoming neutrino's direction information due to the recoil neutrons diffusion. During the GW150914 and GW151226 periods, no neutrino candidates were detected by KamLAND.
Borexino (Agostini et al. 2017 ) is also a LS experiment located underground at 3400 m.w.e. ν τ ). However, it is still challenging for a LS detector to determine the incoming neutrino direction by reconstructing the scattered electron with scintillator light. In the two GW periods, no neutrino signal was found in the IBD channel and one signal candidate was detected in the ES channel.
The Super-Kamiokande (Super-K) experiment (Abe et al. 2016 ) has a large 50 kton water
Cherenkov detector located at 2700 m.w.e. underground in Kamioka Japan. After a neutrino interacts inside of the detector, the Cherenkov ring pattern reconstruction can identify the final product of the charged particles from which they can infer the neutrino's direction, flavor and energy. Neutrinos with energies from 3.5 MeV to 79.5 MeV are categorized as the "low energy data sample" which typically solar neutrinos and supernova relic neutrino. The data set with energy above 100 MeV is typically used to study atmospheric neutrinos and the proton decay search.
Because of its relatively "high energy" detection threshold, the observable signals in the Super-K detector originate only from charged particles, which are positrons and electrons for IBD and ES interactions respectively. For that reason, Super-K is unable to separate these two kinds of interactions. Four neutrino candidates were observed by Super-K for GW150914 and no candidate was observed for GW151226.
The IceCube and ANTARES experiments (Adrian-Martinez et al. 2016) have also searched for coincident neutrino candidates in their recorded data. They are primarily sensitive to neutrinos with GeV energies. During the GW150914 and GW151226 periods, three neutrino candidates were found for each GW event, however these signals do not satisfy the spatial and temporal requirements.
GLOBAL ANALYSIS
As introduced above, with different detection technologies, different neutrino experiments are sensitive to different neutrino flavors and energy ranges. Performing a global analysis on those experimental data can produce a full picture of the black hole merger coincident neutrino searches.
Based on limited available information from the publications, a global analysis was done with the "low energy" data samples from the Super-Kamiokande, KamLAND and Borexino experiments, which are sensitive to neutrino energy less than 110 MeV.
Before performing a combined analysis, it is essential to understand each experiment's data and reproduce their results. Given the reported low statistical signal candidates and background estimation, a maximum likelihood ratio method based on Poisson statistics is adopted to estimate the corresponding neutrino signal.
where µ is the number of expected neutrino signals from the BH-BH merger in the coincidence window, n bg is the estimated background, and n obs is the number of observed coincidence candi- The upper limit on the signal N 90 can be converted into the upper limit of neutrino fluence, F UL , which is the neutrino flux at the earth. The calculation formula is given by
where N T stands for the total number of target nuclei, which are protons for the IBD interactions and electrons for ES. φ(E ν ) is the normalized neutrino energy spectrum, (E ν ) is the total detection efficiency, including the time window selection efficiency, detection efficiency, etc. σ(E ν ) is the neutrino interaction cross-section. The IBD cross section is taken from Strumia & Vissani 2003;  while the ES differential cross section is shown in Equation 3 (Giunti & Kim 2007) .
where G F is the Fermi constant, m e is the electron mass, and T e is the kinetic energy of the recoil electron. E ν stands for neutrino energy. g 1 , g 2 are the coupling constants: g 
where σ eff,i , the effective cross section embeds the detector efficiency of the i-th experiment, is defined as:
Hence the upper limits for neutrino fluence F U L can also be computed using the Feldman-Cousins method, similar to the calculation of the upper limit for the neutrino signal N 90 , as described previously. The systematic correlations among those measurements are negligible except for the theoretical model of neutrino production from BH-BH mergers, which are independent of experimental measurement.
Since the neutrino energy spectrum φ(E ν ) is unclear, the upper limits for neutrino fluence were calculated using two hypotheses: monochromatic and Fermi-Dirac distributions.
Monochromatic energy spectrum
The simplest hypothesis for the neutrino energy spectrum assumes all neutrinos have the same energy and follow a δ(E ν ) distribution. This assumption provides the most conservative (or the largest) upper limits on neutrino fluence at a given neutrino energy E ν .
Two global analysis were done. One only included the two largest LS experiments (KamLAND and Borexino), because LS detectors have high sensitivities to low energyν e detection. The other included all three experiments. The 90% C.L. upper limits onν e neutrino fluence with respect to neutrino energy for GW150914 and GW151226 BH-BH mergers are shown in Figure 1 . The combined upper limits ofν e fluence are from 1.0 × 10 12 cm −2 to 1.6 × 10 7 cm −2 (from 1.0 × 10 12 cm −2 to 2.9 × 10 6 cm −2 ) for GW150914 (GW151226) at the energy range (1.8 MeV < E ν < 79.5 MeV). Since the IBD cross section is proportional to E 2 ν , hence the corresponding neutrino fluence is inversely proportional to E 2 ν according to equation 2. For extremely low energy neutrinos (E ν < 1.8 MeV), the resulting sensitivity only comes from the Borexino experiment through ES interaction channel; For low energy neutrinos (1.8 MeV < E ν < 5 MeV), LS experiments, especially KamLAND, contribute mainly to the sensitivity due to larger IBD cross section; while for neutrino energy (5.0 MeV < E ν < 79.5 MeV), Super-K dominates the sensitivity due to its huge target mass.
The fluence of other types of neutrinos, ν e and ν x (ν µ and ν τ ), can only be deduced from the ES channel. As shown in Figure 2 , the combined 90% C.L. upper limits for ν e , ν x fluence are the energy range of 1.0 MeV < E ν < 79.5 MeV. For GW151226, the obtained upper limits are from 3.6 × 10 13 cm −2 to 2.8 × 10 8 cm −2 and from 1.6 × 10 14 cm −2 to 1.7 × 10 9 cm −2 for ν e and ν x .
According to equation 3, the ratio of σ νe /σν e 2.5, so the upper limits of ν e andν e fluence from Borexino are similar. While σ νe,ES is about two orders of magnitude lower than σν e ,IBD , therefore the resulting upper limit of ν e would be two orders of magnitude higher thanν e 's in the Super-K experiment.
[MeV] 
Fermi-Dirac energy spectrum
During a binary black hole merging process, the neutrino released may obey the Fermi-Dirac energy distribution with zero chemical potential η=0:
where N orm stands for a normalization factor, T is the effective neutrino temperature, which is set to be 5 MeV as the nominal value. Table 2 and Table 3 , where the luminosity L is the total released energy taken by neutrinos during a BH-BH merging process. It can be calculated using
where D gw is the distance from the GW source to the earth, <Ē > is the average neutrino energy which equals to 3.15·T. Since the uncertainties of the measured distances for those GW events are quite large, luminosity is written as a function of the true distance to the source
and As shown in Figure 3 , 90% C.L. upper limits on the combined ν e ,ν e and ν x neutrino fluence obtained from the Fermi-Dirac energy distribution are shown with respect to the effective neutrino temperature T . As T increases, the averaged neutrino energy will also increase, which results a larger neutrino interaction cross section. As a result, the derived neutrino fluence will decrease with respect to T as shown in Equation 2. 
DISCUSSION
In this analysis each GW event is calculated separately. If the mechanism of neutrino generation from a BH-BH merger process is the same, these GW events can be analyzed together with some assumptions on their origin. The neutrino fluence may proportional to the mass of two merger BHs or the mass of a remnant relic, and its velocity of rotation. It is not clear whether the release of neutrinos occurs at the merger phase or cooling phase. That will also affect the arrival time of the neutrino signals relative to the corresponding gravitational wave signal. In addition, at this stage the uncertainties associated with the black hole masses and distances from the earth are quite large. More precise measurements with more statistical analysis in the future will be very helpful for the further study in this topic. It will help us to understand the physics behind BH-BH mergers, as well as the underlying neutrino physics.
CONCLUSIONS
A global analysis was performed on experimental data from the KamLAND, Super-Kamiokande and Borexino experiments to search for neutrinos associated with GW150914 and GW151226 events with a frequentist statistical approach. The final results are consistent with null neutrino signals associated with a binary of black holes merging process. For GW150914, the obtained 90% C.L. upper limits onν e , ν e and ν x fluence are from 2.1 × 10 13 cm −2 to 1.6 × 10 7 cm −2 , from 1.7 × 10 13 cm −2 to 1.6 × 10 9 cm −2 and from 7.7 × 10 13 cm −2 to 1.0 × 10 10 cm −2 in the energy range of 1.0 MeV < E ν < 79.5 MeV assuming monochromatic energy spectrum; While assuming Fermi-on ν e ,ν e and ν x fluence are 1.2 × 10 10 cm −2 , 2.2 × 10 8 cm −2 and 7.1 × 10 10 cm −2 . Similar results are also obtained for GW151226 with slightly better upper limits.
